Red-Enfermedades Cardiovasculares (CIBERCV) 2 4 8= CSIRO Land and Water 2 5 9= CSIRO Land and Water, Black Mountain Laboratories 2 6
demonstrates that like N. gruberi, N. fowleri possesses a 4 remarkably complete repertoire of cellular machinery.
6
A comparative approach to identifying the cellular basis of N. fowleri pathogenicity 7 As pathogenesis is likely a gain-of-function in N. fowleri, we specifically looked 8 for differences with the non-pathogenic N. gruberi. Using OrthoMCL, the proteins from 9 the three N. fowleri strains and N. gruberi were clustered into 11,399 orthogroups, of 1 0 which 7,656 (67%) appear to be shared by all four Naegleria species, and 10,451 (92%) 1 1 are shared by all three N. fowleri strains ( Figure 2 ). There are 2,795 groups not identified 1 2 in N. gruberi that are shared by all three N. fowleri strains. Manual verification of 1 3 orthology reduced the number of orthogroups with genes in N. fowleri but not N. gruberi 1 4 to 458 proteins ( Supplementary Table 8 .) Of these, 80% are unique to N. fowleri, with no 1 5 clearly homologous sequence in other organisms based on NCBI BLAST, and only 52 1 6 (11%) identified either could be functionally annotated based on NR BLAST results or 1 7 contain a characterized domain. 404 of the 458 genes have substantial transcriptomic 1 8 evidence (FPKM >5), suggesting that most of the gene models are accurate and these 1 9 genes are expressed.
0
In order to prioritize the candidate pathogenesis factors, we took a transcriptomics 2 1
Twenty-eight proteases are up-regulated in highly pathogenic N. fowleri, making 1 up more than 10% of all up-regulated genes ( Supplementary Table 9 ). Of the protease 2 families with N. fowleri homologues up-regulated following mouse passage, half are 3 either localized to lysosomes or are secreted, while the others have proteolytic activities 4 in other organelles or in the cytoplasm. The most substantially represented types of 5 lysosomal/secreted protease in the up-regulated genes are the cathepsin proteases; 6 specifically, the C01 subfamily, with 10 out of 21 genes up-regulated in highly 7 pathogenic N. fowleri. The C01 subfamily includes cathepsins B, C, L, Z, and F. Each of 8 these subfamilies has multiple members, up to 10 in the case of cathepsin B, and 9 members of the B, Z, and F subfamilies are up-regulated.
Despite the large number of C01 subfamily cathepsin proteases in N. fowleri (20-1 1 21 members), N. gruberi encodes even more (35). Many of the N. fowleri and N. gruberi are up-regulated in highly pathogenic N. fowleri at least two lack orthologues in N.
1 7 gruberi, raising the possibility of their specific involvement in pathogenesis. Protease 1 8 secretion is underpinned by the membrane trafficking system (the canonical secretion 1 9 pathway) and autophagy-based unconventional secretion (for proteins lacking N-terminal 2 0 signal peptides). In both cases, there are few differences in gene presence, absence, and 2 1 paralogue number in the different Naegleria genomes ( Supplementary Tables 6 and 11) .
2
Strikingly, however, 42% of the up-regulated genes are involved in lysosomal processes.
3
In addition to the 22 proteases above, a lysosomal rRNA degradation gene is up-2 4 regulated, as well as three subunits of the vacuolar ATPase proton pump (116 kDa, 21 2 5 kDa, and 16 kDa) responsible for acidification of both lysosomes and secretory vesicles. Endo-lysosomal trafficking genes Rab GTPase Rab32 (one of three paralogues) and the Proteins driving actin cytoskeletal rearrangements may contribute to pathogenesis 3 0 While actin is known to drive many cellular processes in eukaryotes, Nf-Actin has 1 been considered a pathogenicity factor in N. fowleri due to its role in trogocytosis via 2 food cup formation (Sohn et al., 2010) . Furthermore, actin binding proteins and upstream 3 regulators of actin polymerization were reported to correlate with virulence (Zysset-Burri 4 et al., 2014). While the complements of actin-associated machinery was similar between 5 the Naegleria species, we notably identified a PTEN domain on one of the formin 6 homologues in N. fowleri, that was not identified in N. gruberi (Supplementary Material 7 3). Human also do not encode formins of the PTEN family. in Dictyostelium discoideum (Kayman and Clarke, 1983; Sillo et al., 2008 ) potential 2 0 importance of cytoskeletal dynamics in promoting virulence. Neither LGT nor cell stress appear to be major drivers of N. fowleri pathogenesis 2 3
One obvious potential source of pathogenicity factors is lateral gene transfer of 2 4 bacterial genes into N. fowleri to the exclusion of N. gruberi and other eukaryotes. ( Supplementary Table 8 ) and of these, only 26 have Bacteria, Archaea or virus as the the genes up-regulated in highly pathogenic N. fowleri lacks a homologue in N. gruberi, 2 9
and it has a potential homologue in D. discoideum and members of the Burkholderiales 3 0 clade of bacteria (NfowleriV212_g4665, Supplementary Table 9 ).
1
Another potential reason for N. fowleri's ability to infect humans and animals is 1 the ability to survive the stresses of infection. However, we observed no obvious 2 differences between the N. fowleri and N. gruberi complements of the ER-associated 3 degradation machinery and unfolded protein response machinery that would suggest a 4 differential ability to cope with cell stress ( Supplementary Table 12 ). Furthermore, our 5 transcriptomics analysis showed a general down-regulation of cell stress systems, as well 6 as DNA damage repair ( Supplementary Table 9 ). This does not suggest that these 7 systems are significantly involved in pathogenesis and our transcriptomics experiment 8 reflects an organism that is not under duress. Since infection requires the ability to attach to cells of the nasal epithelium, Table 13 ), we did find that another previously identified attachment protein, Nfa1, was 1 6 highly expressed in both mouse passaged and axenically cultured N. fowleri LEE (>1000 1 7 FPKM), providing further evidence for its previously reported role as a general Of the proteins involved in adhesion in D. and SibC), only orthologues of the TM9 protein could be reliably identified 2 8
( Supplementary Table 15 ), which was not found to be differentially regulated in our 2 9 transcriptomic dataset. It is possible that the Naegleria homologue may be involved in 3 0
cell adhesion, but with other downstream effectors. Given the roles for these proteins in Table 9 ). Both catabolic and anabolic processes are represented; some regulated.
5
Intriguingly, we identified several areas of N. fowleri metabolism that may impact 2 6 the human host. Glutamate is found in high millimolar concentrations in the brain, and is 2 7 thought to be the major excitatory neurotransmitter in the central nervous system up-regulated ( Supplementary Table 9 ). This enzyme catalyzes the conversion of agmatine role for trypanothione has yet to be confirmed in N. fowleri, it is a critical component in There are many other genes that are up-regulated, but do not fall into one of the 2 2 categories outlined above ( Supplementary Table 9 ). Notably, one of these is a 2 3 transcription factor of RWP-RK family, which has previously only been identified in only in N. fowleri and N. gruberi ( Supplementary Table 9 ). These represent unique clear differences between these strains, potentially due to genetic differences and the 1 5 method of virulence induction, there were some shared pathways. This included villin 1 6
and severin, which were both more abundant in high virulence N. fowleri, and are 1 7
involved in actin cytoskeletal dynamics, as well as a phospholipase D homologue.
8
Our work, in combination with that of others, has allowed us to generate a model 1 9
for pathogenicity in N. fowleri (Figure 4) , hinging on both specific protein factors as well are syntenic between strains within the visual space are indicated by lines, while blocks 2 9
without lines also have homologous sequence elsewhere in the two other strains, but homologue could be identified. Numbers within the circle indicate multiple paralogues. Like N. gruberi, N. fowleri encodes a highly complete complement of meiotic genes. LG+Γ model). Bootstrap support values were calculated using the rapid bootstrapping Jamerson, M., da Rocha-Azevedo, B., Cabral, G. A. and Marciano-Cabral, F.
2 0 (2012). Pathogenic Naegleria fowleri and non-pathogenic Naegleria lovaniensis 2 1 exhibit differential adhesion to, and invasion of, extracellular matrix proteins. 
